We have developed ultra-low noise quadrant InGaAs photoreceivers for multiple applications ranging from Laser Interferometric Gravitional Wave Detection, to 3D Wind Profiling. Devices with diameters of 0.5 mm, 1mm, and 2 mm were processed, with the nominal capacitance of a single quadrant of a 1 mm quad photodiode being 2.5 pF. The 1 mm diameter InGaAs quad photoreceivers, using a low-noise, bipolar-input OpAmp circuitry exhibit an equivalent input noise per quadrant of <1.7 pA/√Hz in 2 to 20 MHz frequency range. The InGaAs Quad Photoreceivers have undergone the following reliability tests: 30 MeV Proton Radiation up to a Total Ionizing Dose (TID) of 50 krad, Mechanical Shock, and Sinusoidal Vibration.
INTRODUCTION
Very long baseline interferometry has been previously identified as one of the most accurate methods for directly measuring gravitational waves. Such measurements, in turn, allow verifying Einstein's theory of relativity and observing astronomical phenomenon such as supermassive black holes and galactic binaries. A space-based laser interferometric antenna proposes to detect gravitational waves in space by measuring distance with ~10 pm/√Hz accuracy over a baseline (propagation distance) of millions of kilometers [1, 2] . The geometry for the Laser Interferometry Space Antenna (LISA) mission is shown in Fig. 1 below. Such precise measurements impose severe constraints on the interferometer's front end photodetector, namely a large area Quad Photoreceiver. A Quad Photoreceiver is a 2 x 2 array of p-i-n photodiodes followed by a transimpedance amplifier (TIA) per diode, as shown in Fig. 2 . Interferometers typically employ a heterodyne detection scheme to determine the direction of an incoming optical signal with respect to a reference optical local oscillator (LO), with both beams uniformly illuminating the Quad Photodiode. The optical LO power incident on each photoreceiver quadrant is typically restricted to ~100 µW to minimize the power requirements and thermal fluctuations for high pathlength stability [3] . The direction of the incident optical beam can be determined by comparing the phase of heterodyne RF signals from the four quadrants, A through D.
It is desirable to increase the active area of Quad Photodiodes to collect more optical signal and enhance the RF signal levels. However, increasing a photodiode's active area leads to a commensurate increase in its capacitance. Coupled with the TIA's input voltage noise, this capacitance generates a noise term that linearly scales with the optical collection efficiency. Consequently, increasing the photodiode's active area may not improve the signal-to-noise ratio in the system, in spite of enhanced link gain. Therefore, it is necessary to minimize the capacitance of large-area Quad Photodiodes to realize low-noise large-area Quad Photoreceivers. Careful mounting and packaging of the devices is also required to eliminate parasitic capacitance, which degrades the noise performance in a similar manner to the device capacitance. We have previously described a 1 mm diameter, dual-depletion region InGaAs Quad Photodiode having 2.5 pF capacitance per quadrant. We leveraged this low-capacitance Quad Photodiode and reported a Quad Photoreceiver having an equivalent input current noise density of < 1.7 pA/√Hz per quadrant up to 20 MHz frequency [4, 5] . Systemlevel noise measurements have verified the utility of these devices for LISA [6] . The next step is to improve the Technology Readiness Level of these devices by qualifying them for space application. We have previously qualified ultra-fast 1550 nm photodiodes through a combination of reliability tests in laboratory and space flight on-board the International Space Station [7, 8] . Drawing from that experience, we have subjected the ultra-low noise InGaAs Quad Photoreceivers to the following reliability tests:
• Proton Radiation commensurate to the LISA radiation environment for an extended 10+ year mission; The Quad Photoreceivers have successfully passed these laboratory tests, as reported here, and have accomplished a major milestone towards space qualification.
DEVICE DESCRIPTION
The Quad Photodiode, shown in Fig. 3 , employs a dual-depletion region (DDR) photodiode structure to minimize the capacitance of the p-n junction without resorting to a thick In 0.53 Ga 0.47 As absorption layer [4, 5] . The thickness of the In 0.53 Ga 0.47 As absorption layer was chosen to be 2 µm to allow > 0.7 A/W responsivity at 1064 nm wavelength; whereas the thickness of the InP drift layer was determined to be 8 µm to achieve the capacitance of 2.5 pF for a 1 mm diameter photodiode quadrant. As the majority of the depletion region is comprised of high-bandgap InP material (E g = 1.35 eV), the generation-recombination current and band-to-band tunneling of electrons is also minimized. Restricting the thickness of the low-bandgap In 0.53 Ga 0.47 As material (E g = 0.74 eV) in the depletion region has the added benefit of improving the radiation hardening of the photodiode, as required in space applications. The resilience of rad-hard-bydesign DDR photodiodes to proton and gamma radiations has been previously described in Ref. [7] . A photograph of the Quad Photoreceiver assembled in a TO-3 can package and mounted on a test fixture, which is comprised of a driver board and a mounting L-bracket [5] .
Each individual quadrant of the Quad Photodiode was coupled to a separate TIA circuit, as shown in Fig. 4a , to realize the Quad Photoreceiver. The Quad Photoreceiver was assembled in a standard TO-3 package with an antireflection coated window, as shown in Fig. 4b . Also, the photoreceiver's TO-3 package window cap was designed to cover the TIA circuit elements, i.e. the Silicon OpAmps and passive components with 1 mm thick Aluminum, thus making the entire PIN-TIA Quad Photoreceiver rad-hard-by-design.
The TIA employed a 49 kΩ feedback resistance, R FB , and ~ 0.1 pF of feedback capacitance, C FB , in conjunction with Intersil's EL5135 operational amplifier (OpAmp). The nominal OpAmp parameters, relevant for noise performance, include input voltage noise density, V NA = 1.5 nV/√Hz, input current noise density, I NA = 0.9 pA/√Hz, and input capacitance, C AMP = 1 pF. The equivalent input current noise density, I NEQ , in each quadrant of the Quad Photoreceiver arises from a combination of the OpAmp's voltage noise, OpAmp's current noise, thermal noise from the photodiode's series resistance, thermal noise from the feedback resistance, and shot noise due to the photodiode's dark current. These noise sources are statistically independent and combine in quadrature to yield: 
where T is the absolute temperature, k B is the Boltzman's constant, and q is the charge of an electron. The photodiode quadrant is characterized by its capacitance, C PD , and series resistance, R PD (~ 10 Ω). The most dominant noise source at high frequency linearly scales with the photodiode capacitance [4, 5] . The 1 mm diameter Quad Photoreceivers demonstrate an equivalent input current noise density of <1.7 pA/√Hz per quadrant up to a 3 dB bandwidth of ~20 MHz, as shown in Fig. 5 . For this work, we assembled 0.5 mm, 1 mm, and 2 mm diameter Quad Photoreceivers. All these devices show a -3dB bandwidth of ~20 MHz, which is defined by the transimpedance amplifier circuit. It should be noted that a 2 mm device, having 10 pF capacitance per quadrant, displays 4x more noise density than a 1 mm device, having 2.5 pF capacitance per quadrant.
PROTON RADIATION TESTS
The Quad Photoreceiver modules within the LISA spacecrafts are expected to be subjected to an integrated proton fluence as shown in Fig. 6 below. A 2x margin is recommended with respect to the 7 year mission for component qualification [9] . Based on this data, we decided to irradiate Quad Photoreceivers at the NASA Space Radiation Laboratory with 30 MeV protons up to a Total Ionizing Dose (TID) of 15 krad, 30 krad, and 50 krad, as shown in Fig. 7 . The highest dose corresponds to a 10+ year-long extended mission for LISA. The protons were provided by the BNL Tandem Van de Graaff, and transported to the Booster synchrotron where they were accelerated to 30 MeV. The protons were extracted from the Booster using a slow extraction technique that slowly ramps down the power supply for the Booster Main Magnet. As the magnetic field decreases, the proton orbit in the Booster increases in radius until the lowest energy protons cross the septum of the extraction magnet which has a magnetic field that directs the protons out of the Booster. The entire beam is extracted from the Booster in about 400 milliseconds for a "spill", and the next bunch of protons is accelerated, giving a cycle time of 3.4 seconds in total. Once extracted, the protons are directed through an external beam line that makes use of 9 dipole magnets, 8 quadrupole magnets, and 2 octupole magnets to produce a large square beam spot. The central region of the beam spot is tuned to give a uniform radiation field with 2-3% variation across the field. More details about this setup are provided in Ref. [10] .
For our experiment, the central region of the beam spot was tuned to be approximately 5 x 5 cm 2 . The size of the beam spot was determined by imaging the beam with a fluorescent screen viewed by a CCD camera giving instantaneous life-sized images of the beam profile, spill by spill. The beam intensity was up to 5.5E10 protons per spill, spread out over the 25 cm 2 beam spot. The photodiodes were arranged in a triangular array in the Target Room. The total fluence was measured using a large planar ion chamber between the vacuum window of the beamline, and the photodiodes. The ion chamber was calibrated by measuring the response of the ion chamber at the same time as a calibration chamber was placed at the location to be used by the photodiodes. The calibration chamber is a 1 cm 3 spherical ion chamber that is periodically sent to a NIST-traceable laboratory where its calibration is checked by exposing it to a Cesium-137 gamma source. We made 3 exposures of 15, 30, and 50 krad, each one using 0.5 mm, 1 mm, and 2 mm diameter Quad Photoreceivers. After exposure to proton radiation, the photoreceivers were found to be radioactive, and placed in a holding cell for 10 days to decay to a safe radioactive level.
The test results (3 devices x 3 radiation doses = 9 readings) prior to proton radiation are shown in Table I and Fig. 8 . The device results after irradiation are shown in Table II and Fig. 9 . Comparing the device performance before and after proton radiation, following observations can be made:
1.
The Quad Photodiode's dark current is virtually the same for 15 krad dose. There is a ~7% increase in dark current at 30 krad dose, and ~33% increase in dark current at 50 krad dose. However, the photodiode's dark current was stable in all cases and its shot noise contribution was negligible as compared to other noise sources. These results substantiate our "Rad-Hard by Design" DDR photodiode structure [7] .
2. The drive current of the Intersil 5135 Op Amps, shielded by the 1 mm thick Aluminum TO-3 package cap, is unchanged in all conditions.
3.
The output noise density results are essentially unchanged for all devices. This, in turn, shows the resilience of both input equivalent noise and the transfer function of the Quad Photoreceivers in the presence of proton radiation with a TID up to 50 krad. 
MECHANICAL SHOCK AND SINUSOIDAL VIBRATION TESTS
We also manufactured three 0.5 mm Quad Photoreceivers to validate the mechanical integrity of its assembly under mechanical shock and sinusoidal vibration, as summarized below:
• Mechanical Shock (MIL-STD-883, Method 2002, Condition B): The three Quad Photoreceivers, attached to their driver board and mechanical mount, were incorporated in a cubical test block using Rigidax water soluble potting compound. The test block was then subjected to 5 shocks with amplitude of 1500 g-force for 0.5 ms duration along X, Y, and Z axes, as shown in Fig. 10 . These devices were extracted from the test block for intermediate tests, and then subjected to the sinusoidal vibration tests.
(b) (a) Output noise density spectra of Quad Photoreceivers before and after mechanical shock and sinusoidal vibration tests.
CONCLUSION
In summary, we have previously developed ultra-low noise Quad Photoreceivers that satisfy the stringent front-end sensor requirements for detecting gravitational waves in space. These Quad Photoreceivers, having 0.5 mm, 1 mm, and 2 mm diameter, passed 30 MeV proton radiation tests up to a Total Ionizing Dose (TID) of 50 krad, which is commensurate to a 10+ year long extended mission for Laser Interferometry Space Antenna (LISA). These devices have also passed MIL-STD-883 mechanical shock and sinusoidal vibration tests. The success of these reliability tests represents a major milestone for qualifying these devices for space applications, including LISA.
